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PROJECT NO. 588-1. SURFACE RECOMBINATION VELOCITY INVESTIGATIONS 
STAFF: M, A. LITTLEJOHN AND R. W. LADE 
I n  the previous report  (SDL-2-588), the  v a r i a t i o n  of surface recombination 
ve loc i ty  as a function of gama i r rad ia t ion  f o r  100 ohm cm. n- and p-type si l i-  
con was reported.  A study of t h e  l i t e r a t u r e  (Refs. 1, 2 ,  and 3) shows t h a t  
the models which have been used t o  explain t h e  recombination of c a r r i e r  p a i r s  
a t  t h e  surface a r e  not adequate for  t h e  explanation of the  observed var ia-  
t i o n s ,  unless something other than a monotonic v a r i a t i o n  of the  surface poten t ia l  
with i r r a d i a t i o n  is assumed. Since the  flaw densi ty  varies l i n e a r l y  with gamma 
i r r a d i a t i o n  (Refs, 4 and 5 )  the  monotonic var ia t ion  appears t o  be a plausible  
assumption. 
model f o r  surface recombination velocity has been developed (Ref. 6).  
I n  order t o  explain the results obtained i n t h e  above repor t ,  a new 
Consider the  equilibrium energy band s t r u c t u r e  of a semiconductor surface 
i n  t h e  presence of surface s t a t e s  as shown i n  Figure 1. 
dens i t ies  can be expressed i n  terms of t h e  difference of electron energies 
% - E i  - 
i n t  r ins  i c  semiconductor (approximat e l y  Eg / 2) 
Thus 
The equilibrium carrier 
46, where EF is  t h e  Fermi  level, and E i  is  the  Fermi leve l  of an 
and a t  the  surface 
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Here 6 = '/kT . The recombination r a t e  (number of recombining hole- 
e lec t ron  p a i r s  per un i t  time) can b e  expressed according t o  the  Shockley- 
Read-Hall theory (Refs. 7 and 8) as 
A t  x = 0 a parameter which is cal led t h e  surface recombination ve loc i ty  
(because of i t s  u n i t s ,  and because of t he  implication t h a t  a f lux  of 
e i t h e r  holes or e lec t rons  toward the surface can be represented by a ve loc i ty  
times a concentration) can be defined as  
Recombination Rate a t  X = 0 
Excess hole (or e lec t ron)  concentration a t  X=O ' (4) 8 P  
I n  the  previously mentioned models, S has been defined i n  terms of t h e  
excess hole (or e lectron)  concentration a t  the  edge of the  space charge region 
(X - L i n  Figure 1). This represents a "hybrid" re la t ionship ,  and thus does 
not t r u l y  describe the  r a t e  of removal of c a r r i e r  p a i r s  a t  the  surface.  
t r u e  surface recombination veloci ty  should be defined by Eq. (4) while r e a l i z i n g  
The 
the  important f ac to r s  which determine the  r a t e  of a r r i v a l  of c a r r i e r  p a i r s  a t  
t h e  surface.  
The f l u x  of c a r r i e r s  in a plane i n  t h e  space charge region p a r a l l e l  t o  
' t h e  surface can be wr i t t en  
+ ( X I  = sp(x)pcx) 
L C X )  = sn k)7i k) ( 5 )  e 
The requirement t h a t  t h e  t o t a l  current be zero imposes the  condition t h a t  
(7) 
fPW - fn  (x) (6) 
a t  a l l  points i n  the  space charge region. The assumption of quasi-charge 
n e u t r a l i t y  i n  the  bulk gives 
rp(L) - f&)*
4 
Then, from equating eq. ( 5 )  
Invoking quasibequilibrium between the bulk and the surface gives 
(9) 
Substituting equilibrium and excess concentrat ion$ into (9), assuming mass 
action and solving for 9s gives 
and 
At equilibrium there exists a potential barrier in the space charge 
region. 
defined in terms of a voltage. 
Under injection this barrier changes, and the variation can be 
The Boltzmann boundary conditions (Ref, 9) 
of p-n junction theory become 
- 
Thus when = 0, p = F ( L )  = 0 . Substituting eq. (12) into 
(11) gives 
5 
or 
- 
Now at x 0, (3) becomes 
(16) 
L us = CNtq ns pr - n; 
p + . n s  t zni 
In terms of equilibrium and excess coneentratione at the surface 
either of the two terms in the numerator of (la), 
Then 
. . 
6 
. 
S is a function of the surface potential, the bulk concentrations, P 
and the injection level at the surface. 
A similar expression can be derived for snby the same process, and is 
- 
Note that 9 and +, are anti-symmetrical in 
and h and d and I f  . Also note that and h cannot be specified independ- 
ently. Plots of Se and Sn with the same values of and fi and and o( 
are shown in fig. 2. 
p& for the same values of W 
It is well known (Ref. 10) that, in a depletion region, there can be a 
significant contribution to hole and electron flow due to recombination- 
generation current in this region. This current is given by 
L 
n 
J 
0 
Substituting (3) 
7 
I \  b 
Using an approximation fo r  t h i s  in tegra l  (Ref .  11) and assuming low l eve l  
i n j ec t ion ,  t h i s  current  becomes 
This current  gives rise t o  an e f f ec t ive  surface recombination veloci ty  
9 
from which 
II)  p k O  k c p h )  
( 2 5 )  
See m i  (F~ +T~.) 
by assuming n1 = p1 = " i o  
It appears t h a t  t h i s  contribution t o  surface recombination veloci ty  
would be important i n  a s t rong depletion region or an inversion region (Ref. 12). 
Valdes shows t h a t  i n  t h i s  type of surface layer, k(p&) v s ,  ds would be 
near ly  parabolic.  
baemes la rge  enough so t h a t  the  density of mobile c a r r i e r s  i n  the  surface 
layer  becomes comparable t o  the  density of chemical impurit ies.  
His analys is  breaks downs however, when the  surface charge 
These two contr ibut ions t o  surface recombination ve loc i ty  a r e  enough 
t o  explain the  observed va r i a t ion  of s with gamma i r r ad ia t ion .  
F i r s t ,  it w i l l  be assumed tha t  i r r a d i a t i o n  always causes the  bands t o  
bend upward i n  both n- and p- type mater ia l .  
i n  argon, t he -p re - i r r ad ia t ed  surface should s t i l l  Rave the  same conductivity 
type a s  the  bulk, altRough the  presence of ozone i n  the  Gama C e l l  could tend 
t o  produce a p-type surface (Ref. 13). Also, i t  is t o  be expected t h a t  t he  
measured surface recombination veloci ty  w i l l  be the  minority c a r r i e r  value 
( f e e . ,  s p i n  n-type mater ia l )  since the  mathematical so lu t ion  is  given i n  terms 
of minority c a r r i e r s .  
Since the  samples a r e  i r r ad ia t ed  
. 
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Now, for p-type material the variation in surface potential will be small, 
assuming that the surface will not become degenerate. The surface potential 
is negative initially and becomes more negative-as the sample is irradiated, 
according to the above assumptions. 
at the valve &Its 
The surface velocity becomes saturated 
as shown in Figure 3(a), which is drawn for 100 ohm cm 
material. 
In n-type material an inversion layer will be produced and the recombina- 
tion effect will then become dominant. 
tions of surface potential for 100 ohm em n-type material. 
Figure 3 ( b )  shows the expected varia- 
In the latter part of this report period, work was begun on the investi- 
gation of the influence of gannna irradiation on passivated silicon surfaces 
( si - S'i 02 interfaces). A set of n- and p-type samples were 
prepared, and the thin filaments were mechanically polished. 
oxidized in a steam atmosrphere at 1000°C for 30 minutes to produce an oxide 
thickness of approximately 2500'A. The bulk samples were oxidized also, in 
order that any bulk lifetime variations due to heat treatment could be accounted 
for, As it turned out, this heat treatment had a very drastic effect on the 
bulk lifetime in n-type material, with a somewhat less drastic reduction for 
p-type material. 
type and 3 p-type samples. 
Then, they were 
Table I shows the variation in bulk lifetime for four n- 
TABLE I 
SAMPLE (before oxidation) (after oxidation 
N- 1 513 s 4 . 1  /IS 
N-2 642 p s  4 . 1 - p s  
N-3 393 ps 4.3 /res 
P-1 44s ps 37.5 f i s  
N-4 245 p s  4.6 /As 
P- 2 3 3 0 p  s 38 .0  ps 
P-3 468 p s  3 9 . 0 p s  
13 
Due to this reduction in bulk lifetime, the filament lifetime for all thin 
samples was diminished to a value which reduced the accuracy for measurement 
with the method of photo-conductive decay. While the influence of heat 
treatments on lifetime has long been recognized (Ref. 14), the mechanisms 
of this reduction are admittedly complex and not well understood. This 
problem poses an interesting sidelight to the original plan of Investigation. 
Thus, while variations of lifetlme and other bulk parameters have been reported 
for various fabrication techniques, no known variations of surface recombination 
velocity have been found in the literature. While it is realized that lifetime 
and surface velocity are intimately related, further investigations into the 
variation of surface velocity with fabrication techniques appear to be in 
order. 
One step in the further investigations of surface velocity has been 
taken, with samples being prepared to be sent to RCA for a special low tempera- 
ture (300OC) oxidation process which has been developed at their Princeton, 
New Jersey facilities. 
14 
List of Symbols 
rf - filament lifetime, sec. 
7 b  - bulk minority carrier lifetime, sec. 
Ts - surface lifetime, sec. 
8 - surface recombination velocity, cm/sec. 
Et - flaw energy level in forbidden gap, ev. 
E, - conduction band edge, ev. 
Ef - Fermi level, ev. 
Ei - Intrinsic Fermi level, ev. 
E, - Valence band edge, ev. 
p ,  n, - total (equilibrium plus excess) hole and electron concentrations, 
-3 cm 
-3 
PO, no - equilibrium hole and electron concentrations, cm 
-3 - -  p, n, - excess hole! and electron concentrations, cm 
plsnl - hole and electron concentrations when Et = E cm -3 i' 
Cn,Cp - mean capture co-efficients, cm 3 see -1 e 
ni - hole and electron concentration in an intrinsic semiconductor, ~ m - 3 ~  
fp,fn - hole and electron fluxes, em se'* 
Nt - net trap density, 
Nts - 
Ju 
% 
6 
9 - electronic charge, coulombs. 
-2  
net surface trap dasity, cm'2 
-2  - recombination-generation current, amp cm 
- bulk electrochemical potential, volts, 
- surface electrochemical potential, volts S 
qvb - barrier height at the surface, ev. 
. 
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PROJECT NO. 588-2. SUlRPACE STUDIES OM M. 0. S. CAPACITORS 
16 
STAFF: R, J. MATTAUCM AM) R. W. LADE 
The study of surface phenomena was responsible for the invention of 
the bipolar transistor by Brattain and Bardeen, 
operation of this transistor is of a bulk nature, surface studies were 
forced to assume a position of lesser importance with respect t o  bulk studies. 
It was not until interest was shown in metal-oxide-semiconductor transistors 
that surface studies again came into the foreground, since the operational 
mechanism of these transistors Es of a surface nature. 
Unfortunately the current-voltage characteristics and thus the device 
Since the mechanism of 
parameters of these transistors are of a variable nature. 
is dependent upon time, temperature, humidity, rad*Pation, etc. It is hoped 
that these problems of device parameter variation will be. miere readily solved by 
The variation noted 
a more firm understanding of the materfal processes dependent upon the 
above conditions, 
0.,2 $ 3  A 5 1  Many authors have investigated surface state densities on siliconn 
It is the purpose of this section to report on surface density studies as a 
function of gamma radiation. 
The following method was used for the fabrication of MQS devices on 
which surface state  density measurements were made: 93 o b  cm p-type sub- 
strates were wafered from a < 111) Gzochralski pulled ingot. 
were mechanically lapped and chemically etched to produce a mirror-Xtke 
surface. 
in a steam atmosphere at 1000°C. 
type surface ‘6’ 
circular aluminum pads on the oxide. 
of an MOS capacitor as shown in Figure 1. Silicon dioxide served as the 
dielectric and was agproximcately 4300 A th ick .  
These wafers 
After being carefully cleaned the wafers were thermally oxidized 
This oxidation produced a very strong, n- 
A metal evaporation mask was used to produce a series of 
Each pad constituted the metal electrode 
17 
Figure 1. A typical MOS capacitor fabricated on p-type s i l icon.  
18 
A General-Radio type 7164 capacitance bridge was used along with 
auxiliary biasing equipment to obtain curves of capacitance versus bias 
voltage at TYarisus frequencies, 
Figure 3 gives typical capacitance-bias curves for various frequencies. 
The circuit is shown in Figure 2 ,  while 
The method of obtaining surface state density as of function of energy 
A brief explanation of this method and the mathe- (4951 is that of Zaininger, 
maticaf derivation will be given for completeness. 
The following relation can be written for the device shown in Figure l. 
where 
semiconductor substrate, and 
1% capacitance is defined in the Incremental Eashion the following expression 
3btains: 
E., is the oxide permittivity, -r)l,is the surface potential of the 
C,is the oxide capacitance per unit area, 
Prom this axgrassion it cam be seen that the device capacitamce is determined 
almost completely by the ability of the surface potential to follow an applied 
voltage,  
CASE 1: 
will cause a very smaLl change in surface potEntial such that 
‘SCherefGEe, cs! c o g  
CASE 11: 
in applied voltage wfll cause nearly the same chamge in surface potentiak. 
Thus9 dW k 1 
Two extreme cases hare now apparent, 
If P strong SUK%~~X density Se present a small change in bias voltage 
c h s  .-& 0 
4f the surface is essentially depleted of carriers a amall change 
and 6 is very small. 
From the potential band diagram of figure 4.one can see that %oSe is 
c m p m e d  of charge in surface states and charge in the semiconductor due 
entirely to band bending. Thus: 
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and Cox (V -vs 1 = 
po ten t i a l s  a s  follows: 
- Qos - Qsc. It is now possible  t o  def ine two new 
v= 'Lys + vs, + vsc (4) 
where 
and 
Qsc 
Clr (6 1 vsc = - 
Vsc is completely determined by the subs t r a t e  surface po ten t i a l  whereas 
is dependent on both V and vs e Capacitance can thus be wr i t ten :  vs 6 
NOW i f  the  frequency of the applied s igna l  is r e l a t i v e l y  high (greater 
than 10% C P d  &I 
~ e s p n s e  time w i l l  be grea te r  than a period of t h a t  signal. 
w i l l  be e s s e n t i a l l y  zero s ince  the  surface s t a t e  
Hence 
I f  one, has a curve of C versus VEsran a r b i t r a r i l y  high frequency oae 
d v s c  - v'  can obta in  a corresponding curve of 
where 
- o . ~ A  e 
d L'sc 
A curve relating and a is now necessary in order to find 
vs vs. V. It is possible to calculate dVsc/dvs VS. Tc)3 by utilizing 
Poisson's and Gauss's equations. 
with an acceptor concentration NA 
Poisson's equation for a p-type semiconductor 
is 
and complete ionization of donors and acceptors is assumed. If we let &:v 
thus 
But 
24 
and since &*x € o w  = E, E ,  
where 
thus 
vs V will have a minimum for The previously mentioned curve of 
the same value of V as does the C vs. V curve. The value of at this 
minimum must correspond exactly to that of the vs vs relation 
above. 
in order to prevent a discontinuity in surface potential vs. applied voltage. 
The value of NA is found by means of a computer program. 
dvh 
W S  
d d e  
Thus, the correct value of NA at the surface must be chosen in (27) 
Since 'Lv, vs V has now been obtained a look at the band diagram of 
figure 4 will reveal 
25 
c 
the  following equation would obtain 
v= V S ' +  V S S  ++s (30) 
Once Vss is obtained Nss 
vsc must now be determined. Thus 
equation (30) can now be solved for Vss vs. 7$! . A computer program was 
wr i t t en  t o  solve the  above problem and p r i n t  out V,  Vsc, 7& , vss. 
of Vss vs 7& was then p lo t ted ,  smoothed out ,  and d i f f e ren t i a t ed .  
vs is got ten  by a simple d i f f e ren t i a t ion .  
Equation ( 2 5 )  gives t h e  desired r e l a t i o n ,  
A curve 
Since 
then 
Figure 5 exhib i t s  curves of C versus Vfor various values of gama rad ia t ion ,  
Figure 6 bears t he  corresponding curves of surface s t a t e  density a s  a funct ion 
of surface po ten t i a l  fo r  t h e  same values of gamma rad ia t ion .  It can be seen 
from curves 3, 4 ,  and 5 ,  t h a t  t rap l eve l s  seem t o  be created by a ce r t a in  
amount of r ad ia t ion  and destroyed by any fur ther  i r r ad ia t ion .  
Surface po ten t i a l  for  zero b i a s  can be r ead i ly  calculated by knowing 
is calculated and the  value 
Cox, C(0) and %I MIN * 1*e50 B I A S  
. The value of 
of NA adjusted ii (27) i n  order t h a t  the  minima be coincident. The value of 
is then ca lcu la ted  and the  corresponding values of 
and vs a r e  obtained from ( 2 2 )  by means of a computer program. 
ae a function of i r r a d i a t i o n ,  
54% 
Figure 7 i l l u s t r a t e s  
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The fu ture  plans for  t h i s  project ca l l  f o r  fabr ica t ion  of devices on 
both p-and n-type s i l i c o n .  
hour exposures and capacitance versus b i a s  data w i l l  be taken i n  order t o  
ca lcu la te  surface s t a t e  dens i t ies .  
these newly introduced leve ls  can apparently be an ih i la ted  by gamma radiat ion.  
Surface poten t ia l  f o r  zero b i a s  as a function of i r r a d i a t i o n  w i l l  a l s o  be 
the subject of extensive study, 
These devices w i l l  be i r rad ia ted  i n  one quarter 
Smaller exposure times w i l l  be used s ince 
30 
BIBLIOGRAPHY 
1. Terman, L. H., Solid State Electronics, Vol. 5, pp. 285-299, 1962. 
2. Grove, A .  S., B. E. Deal, E. H. Snow, and C. T. Sah, Solid State 
Electronics, Vol. 8, pp. 145-163, 1965. 
3. Lehovec, K., A .  Slobodskoy, and J .  L. Sprague, Phys. Stat. Sol., 
V O ~ .  3, pp. 447-464, 1963. 
4. Zaininger, K, H., and G. Warfield, IEEE Trans. on Electron Devices, 
Vol. 12, pp. 179-193, 1965. 
5. Heiman, F. P, and G. Warfield, IEEE Trans. on Electron Devices, 
Vole 12, pp. 167-178, 1965. 
6. Sah, 6. T., PEEE Trans. on Electron Devices, Vol. 11, pp. 324-345, 
1964. 
3.1 
PROJECT NO. 588-3. MEASUREMENT OF SUBFACE RE-INATION VELOCITY AS A FUNCTION 
OF SURFACE POTENTIAL. (NEW PROJECT) 
STAFF: F. J. MORRIS AM) R. W. LADE 
The object ive of t h i s  pro jec t  is t o  determine experimentally t h e  e f f e c t s  . 
of surface poten t ia l  on the  surface recombination ve loc i ty  of an oxide-sil icon 
surface and i t s  va r i a t ion  with gama radiat ion.  A model w i l l  then be made t o  
explain these  var ia t ions .  
The measuring technique w i l l  be the following: 
A method of d i f fus ing  a high r e s i s t i v i t y  region i n t o  a low r e s i s t i v i t y  s i l i c o n  
subs t r a t e  w i l l  f i r s t  be perfected.  
d i f fusfon  be on the  order of 0-5 m i l s .  
It is a l s o  required t h a t  t he  depth of the 
This w i l l  involve a two-step d i f fus ion  
using e i t h e r  boron tribromide or phosphene gas. After a p-n junct ion with 
the  above-mentioned cha rac t e r i s t i c s  has been b u i l t ,  an oxide w i l l  be grown 
over the  diffused layer .  A semi-transparent aluminum f i lm w i l l  then be 
evaporated over t he  oxide. The aluminum f i lm w i l l  be th i ck  enough t o  have 
s u f f i c i e n t l y  low res i s tance .  By masking and etching a t  the  proper t i m e ,  
I contacts  w i l l  be made t o  the  subs t ra te ,  diffused region, and aluminum gate .  
See Figure 1 below: 
H I G H  - P DIFFUSED 
R E G f O N  
LOW-  P A L  GATE 
s “a Sl-RA T A  (SEM J - 7RANS P A R E q  
OXIDE 
Figure 1. Proposed device for  measuring surface recombination 
ve loc i ty  e 
32 
c 
By focusing an u l t r a -v io l e t  l i g h t  source on the aluminum gate ,  the! p-n 
junct ion w i l l  a c t  as a so lar  c e l l .  
eel1 is a function of t he  surface recombination veloci ty  of t he  si l icon-oxide 
in te r face .  By measuring the  short  c i r c u i t  current  for  a fixed l i g h t  i n t ens i ty  
and varying the  po ten t i a l  on the gate ,  the  va r i a t ion  of t he  surface recombfna- 
t i o n  ve loc i ty ,  with surface poten t ia l  can be determined. 
The shor t  c i r c u i t  current  of the s s l a ~  
A second independent method for determining t h i s  va r i a t ion  is by measuring 
the  reverse  sa tu ra t ion  current  of the p-n junct ion for  d i f f e ren t  values of 
ga te  poten t ia l .  
These two measuring techniques w i l l  be used before and a f t e r  r ad ia t ion ,  
